ABSTRACT: An amide-based smart probe (L) is explored for nanomolar detection of Mo(VI) ion in a ratiometric manner, involving hydrogen-bond-assisted chelation-enhanced fluorescence process through inhibition of photoinduced electron transfer process. The recognition of Mo(VI) is associated with a 17-fold fluorescence enhancement and confirmed by single-crystal X-ray diffraction of the resulting Mo(VI) complex (M1). Further, M1 selectively recognizes arsenite through green emission of their adduct (C1) with an 81-fold fluorescence enhancement. Interestingly, dihydrogen phosphate causes dissociation of C1 back to free L having weak fluorescence. The methods are fast, highly selective, and allow their bare eye visualization at physiological pH. All of the interactions have been substantiated by time-dependent density functional theory calculations to rationalize their spectroscopic properties. The corresponding lowest detection limits are 1.5 × 10 −8 M for Mo(VI), 1.2 × 10 −10
■ INTRODUCTION
Designing smart probe for selective optical recognition of bioactive and environment relevant ions is an attractive research area having immense importance in biomedical exploration and environmental monitoring.
1−5 The available techniques 6 for this purpose include inductively coupled plasma mass/atomic emission spectroscopy, 7, 8 atomic absorption spectroscopy, 9,10 colorimetry, 11 spectrophotometry, 12, 13 and voltammetry 14, 15 that either require sophisticated expensive equipment, tedious time-consuming sample preparation, and skilled operator or provide low sensitivity with significant erroneous results. On the other hand, the fluorescence method provides instantaneous detection, visual perception, and a low-cost methodology that excludes intrinsic sample pretreatment. A cascade approach for determination of multiple ions is cost-effective, time-saving, and highly desirable for practical applications. 16, 17 Molybdenum 18−21 and its alloys have small expansion coefficient, high melting point, and good conductivity and corrosion resistance. 22−26 Mo is a cofactor of several enzymes like nitrogenase, aldehyde oxidase, xanthine oxidase, sulfite oxidase, nitrate reductase, and xanthine dehydrogenase. 18−20 Although rare, Mo deficiency enhances uric acid content in blood leading to inflammation, joint pain, neurological problems, 20 and metabolism of sulfur-containing amino acids. 25 Bioaccumulation of Mo(VI) ion released from CoCrMo implants results in abnormal cellular proliferation and function. 27, 28 Moreover, Mo-containing enzymes are used in common bacterial catalysis for nitrogen fixation.
29 Nevertheless, excess Mo stemming from industrial and environmental contaminations damages biological process. 30, 31 Thus, trace-level detection of Mo(VI) is essential for industrial and biological applications. 32, 33 On the other hand, arsenic toxicity is responsible for cardiovascular disease, neurodegenerative disorders, etc. 34−38 Among several arsenic species, inorganic arsenics like arsenite and arsenate are more abundant and toxic than organoarsenic species, viz., monomethyl and dimethyl arsonic acids. 39 Again, arsenite is more poisonous over arsenate due to its higher binding affinity toward sulfhydryl unit of proteins and enzymes. 40−43 Thus, determination of trace-level arsenite and its removal from samples before intake to living body are highly demanding. 44−46 However, arsenite selective turn-on fluorescence probes are rare. To date, two turn-on probes available for direct detection of arsenite suffer from poor detection limit. 47 The longstanding Gutzeit method 48 for arsenic determination involves generation of deadly AsH 3 gas.
49−54
The present report of arsenite determination has good detection limit (1.2 × 10 −10 M) and high association constant, and is useful for bioimaging and effective for solid-phase extractive removal.
Conversely, phosphate and its derivatives play a significant role in signal transduction and energy storage in biological systems. 55−58 A few 2,2′-dipicolylamine-based Zn(II) complexes recognize inorganic phosphates through turn-on/off fluorescence 47,59−63 while ratiometric probe for phosphate recognition is rare. 48 The molecular arithmetic that alters chemically programmed analysis (input) into optical signal 1,2 (output) is an exciting research area in contemporary unconventional computing system 64−66 that allows to build scientific logic gate using the probe.
The present article reports a systematic study of a new X-ray structurally characterized simple probe for selective recognition of Mo(VI) ion, and the resulting Mo(VI) complex (M1) has potential to recognize arsenite (AsO 2 − ). Moreover, the arsenite adduct (C1) of the Mo(VI) complex efficiently detects phosphate (H 2 PO 4 − ) ion. For this purpose, a simple azine−amide-based probe (L), N′ 1,N ′ 3-bis((E )-3-ethoxy-2-hydroxybenzylidene)-malonohydrazide, has been synthesized by condensation of malonohydrazide and 3-ethoxysalicyaldehyde (Scheme 1). L binds Mo(VI) through N and O donor sites, leading to stable eight-coordinated oxo-bridged dimeric complex (M1), the structure of which is confirmed by single-crystal X-ray diffraction (SCXRD) analysis. This M1 efficiently detects poisonous arsenite, and the resulting arsenite adduct (C1) efficiently detects dihydrogen phosphate. Several spectroscopic techniques and density functional theory (DFT) studies have been performed to authenticate their cascade interaction (Figures S31−S43 and Tables S1−S6, Supporting Information  (SI)) 
■ RESULTS AND DISCUSSION
Single-Crystal X-ray Structure of M1. Figure 1 displays the molecular structure (Oak Ridge thermal ellipsoid plot view) of the dimeric complex (M1), determined by singlecrystal X-ray diffraction analysis (Table S1 , SI). The asymmetric unit indicates that L is bonded to Mo(VI) through imine N, amide N, and phenol O donors, leading to molecular formulae C 23 Spectroscopic features of L are governed by pH of the media, as it has pH-susceptible donor sites. 69 Furthermore, biological use of L demands its efficiency at physiological pH. Hence, the effect of pH on the emission profile of L in the presence and absence of Mo(VI) is tested (pH 3.0−12.0). Difference in emission intensities between free L and its Mo(VI) complex being highest near physiological pH 7.4 ( Figure S3 , SI), it is maintained for entire studies using 20 mM HEPES-buffered MeOH/H 2 O (4/1, v/v, pH 7.4). Similarly, DFT studies have been achieved for both L and its Mo(VI) complex using B3LYP functional combined with the association consistent 67,70−74 cc-pVDZ basis set for C, N, H, and O atoms. For Mo(VI), the Stuttgart relativistic small-core effective core potentials and their companion basis sets are used. Although the energies of both highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) reduced in the Mo(VI) bound state, the extent of stabilization of the LUMO is higher than that of HOMO causing an overall decrease of the energy gap from 0.05537 to 0.03768 eV (Figure 6 ). In the case of L, the electron density at HOMO is spread throughout the molecule, which slightly moves toward Mo(VI) center in M1. After binding to Mo(VI), the charge density is more prominent at the vicinity of imine-bound Mo(VI), as observed from LUMO. The optimized geometries of L and the M1 complex are presented in Figure S11 (SI).
Interestingly, the M1 complex selectively recognizes arsenite ratiometrically by absorption and emission spectroscopy ( Figure 7 ). In the presence of arsenite, M1 shows green emission at 494 nm while other common anions, viz., Cl 
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Article performance of M1 with reported probes is presented in Table  S2 (SI).
The strong hydrogen bond between M1 and AsO 2 − enhances the rigidity and lowers the entropy of the resulting adduct, leading to fluorescence enhancement. This is reflected in fluorescence lifetime data 2a (Figure 10a ), which increases from 0.102 ns for L to 0.232 ns for M1 to 1.268 ns for C1 54 The optimized geometries of the M1 and its AsO 2 − adduct have been derived from time-dependent density functional theory (TD-DFT) calculation in gas phase using Gaussian 09W program (Figure 10b ). The HOMO−LUMO energy gap of M1 is 0.03768 eV. The electron density of M1 that is distributed over HOMO−LUMO is affected by the influence of hydrogen bond with AsO 2 − ion. As a result, the energy gap decreases by 0.03259 eV. The resulting optimized structure of C1 is shown in Figure S21 (SI) while favorable electronic transition energies of predominant absorption bands are shown in Tables S4−S6 (SI). On the other hand, the interaction of C1 with H 2 PO 4 − in the presence of common anions has been investigated. The H 2 PO 4 − -induced notable change in the emission spectra of C1 allows its fluorescence detection (Figures 11 and S22, SI) . The changes in the optical spectra of C1 in the presence of H 2 PO 4 − are presented in Figure 11 . The emission intensity of C1 Thus, it is proposed that arsenite forms hydrogen bond with amide moiety coordinated to Mo(VI) leading to C1 adduct 54, [64] [65] [66] 75 (Scheme 3). Addition of H 2 PO 4 − leads to extraction of Mo(VI) from its AsO 2 − adduct (C1), thereby releasing weakly fluorescent free L (Scheme S1, SI).
1 H NMR titration in DMSO-d 6 also supports the interaction between C1 and H 2 PO 4 − ( Figure 5 ). Upon addition of 0.5 equiv H 2 PO 4 − to C1, the imine proton (−CHN−, c) is Table 1 provides the corresponding values for this logic circuit.
Cell Imaging Studies. Imaging System. The imaging system 65 is composed of an inverted fluorescence microscope, while A549 cell is chosen for imaging purpose. Images are recorded with a charge-coupled device (CCD) camera equipped with an EVOS FL, Invitrogen microscope, and processed using Image Pro Plus v 7.0 Software. The images are captured after 25 min interval of incubation.
Cell Toxicity Studies. In vitro cytotoxicity is measured by colorimetric methyl thiazolyltetrazolium (MTT) assay against A549 cells. In the presence of 500 mL of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO 2 atmosphere, the cells are seeded into 24-well tissue culture plates overnight and then incubated for 48 h in the presence of M1 at different concentrations (10−100 μM). Then, the cells are washed with phosphate-buffered saline and 500 mL of supplemented DMEM medium is added. After that, 50 mL of MTT (5 mg/mL) is added to each well and incubated for 4 h. Next, violet formazan is added and dissolved in 500 mL of sodium dodecyl sulfate solution in dimethylformamide and water mixture. The cell viability is determined considering 100% cell viability for cells without M1.
Image Analysis. Cells are first incubated with 20 mg/mL of M1 for 3 h, followed by treatment with 20 mg/mL AsO 2 − for 3 h at room temperature, and images are captured at 30 min interval of incubation (Figure 16 ). After exposed to AsO 2 − ion, a bright green fluorescence is observed from cells, as shown in Figure 16b 
, where C M (org) and C M (aq) are concentrations of Mo(VI) in organic and aqueous phase after extraction. The results are briefly presented in Table 1 . Solid-Phase Extractive Removal of Arsenite Using SilicaImmobilized M1. The immobilization of M1 on silica (100− 200 mesh) is performed following the literature procedure. 78 Table 2 indicates that immobilized M1 is very efficient to remove AsO 2 − from its reservoir.
Determination of AsO 2 − in Real Water Samples. The developed method 2a,16 has been used for determination of AsO 2 − using M1 in real water samples (Table 3) . To evaluate the accuracy of the method, recovery studies have been performed at different concentration levels by addition of a known amount of arsenite to industrial water sample, collected from Durgapur-Asansol industrial area, West Bengal, India. Tables 3 and 4 indicate excellent recoveries of arsenite from tap and industry water samples. Similarly, using C1, the amount of H 2 PO 4 − in drinking water and fertilizer is estimated (Table 5 ). Figure S29 (SI) allows determination of AsO 2 − in real samples. , liquid) in dry ethanol (30 mL) under stirring at room temperature and refluxed at 60°C for 6 h (Scheme 1). 65, 66, 68, 69, 75 Upon addition of hydrazine hydrate (98%, 3.4 g, 42.37 mmol, ρ = 1.029 g/mL at 25°C) to the above mixture, a white precipitate appeared, which is filtered and dried under vacuum to yield 95.6% white rectangular crystals of DEMH. Thin-layer chromatographic retention factor, R f = 0. ). Emission spectrum (same media as above) is presented in Figure S39 (SI).
[ 
